Abstract. The magnetic and magneto-optical properties of the Co/Si/Co thin-film samples obtained by magnetron sputtering were investigated employing magnetooptical techniques. The thickness of the Co layers was equal to 5 nm, and Si layer thickness varied in the interval of 0.2 to 3.2 nm. The saturation field of the studied samples was found to oscillate in the magnitude with changing the Si layer thickness. This result was explained by structural features of the Co/Si/Co multilayers and the presence of the antiferromagnetic exchange coupling between magnetic layers via the silicon interlayer. The peculiarities of the magneto-optical spectra of the Co/Si/Co samples were found.
Introduction
The physical properties of thin magnetic films of 3d-transition metals and multilayer structures, consisting of alternating magnetic and nonmagnetic layers of submicron thickness are the subjects of investigation in the physics of magnetic phenomena. Recently nanomaterials area attracted additional attention because of the progress in both thin film fabrication and characterization techniques. It is also a consequence of the wide use of these systems in modern micro-and nanoelectronics devices, based on the giant magnetoresistance, antiferromagnetic exchange coupling between magnetic layers via nonmagnetic spacers, and oscillating exchange coupling between ferromagnetic layers (Fe, Co) through a nonmagnetic interlayer (Cu, Ag, Au, Mo, Ta, etc.) [1, 2] . However, the physics of exchange interactions in the thin film magnetic nanostructures with semiconductor spacers is far from complete understanding. The most interesting experimental results on the structural and magnetic properties of Fe/Si and Co/Si thin-film systems have been reported in [3] [4] [5] and [6] [7] [8] , respectively. Analysis of the existing results showed that data on the exchange interaction between magnetic layers in the Co/Si/Co thin film systems are rather contradictory. In particular, a very weak exchange coupling and its oscillatory behavior was observed for Co/Si multilayers in [5] . At the same time the absence of the antiferromagnetic coupling for the above samples was experimentally proved in [8] . At the same time, it is known that magnetic transition metals (Fe, Co) are widely used in the multilayered structures, possessing giant magnetoresistance, and silicon is a base element in modern micro-and nanoelectronics devices. Thus, the investigation of the Co/Si/Co thin film structures deserves attention from both the scientific and practical points of view. In this paper, the results on the investigation of the magnetic and magneto-optical properties of Co/Si/Co thin film samples are presented. The special attention is paid to the role of the silicon layer thickness on the magnetic and magneto-optical characteristics.
Experimental
The Co/Si/Co samples were grown by sequential magnetron sputtering deposition of Co and Si layers onto glass substrates at room temperature. The constant magnetic field of 250 Oe was applied parallel to the substrate, H SUB , in order to induce a uniaxial magnetic anisotropy. The background pressure was 3.8×10 -7 mbar and the argon pressure during deposition was of 3.8×10 -3 mbar. The thickness of cobalt layers, t Co , in all samples was equal to 5 nm. The thickness of Si interlayer, t Si , was in the interval of 0.2 to 3.2 nm. The microstructure of the thin film systems was studied by Xray diffraction (XRD) using CuKα radiation. The low-angle XRD analysis was made to check the existence of the periodic layered structures (well-defined interfaces) and to determine the layers thickness in the samples under study. The surface morphology of samples was studied by atomic force microscopy (AFM).
The magnetic characteristics and magneto-optical spectra of the Co/Si/Co thin-film systems were measured employing the magneto-optical magnetometer, described in [9] , and spectral magnetooptical equipment by using the Transverse Kerr effect (TKE).
The hysteresis loops were measured in two directions of the external magnetic field, H, applied parallel to the plane of the studied samples. In one case, the orientation of H was parallel to the H SUB direction (direction D1) and in the other case -perpendicular to D1 (direction D2). The spectral dependencies of TKE were measured in the interval 0.5 < ħω < 4 eV of a photon energy at H > H S (H S is the saturation field of the sample under study). All measurements were carried out in open air at room temperature.
Results and discussion
The results of XRD measurements testified that cobalt layers in the Co/Si/Co samples have a nanocrystalline structure with grain dimensions (calculated by the Scherrer method) of the order of the layer thickness. Analysis of AFM showed that the sample surface roughness, Ra, is the order of 0.4-0.6 nm, and the magnitude of Ra does not depend on the silicon layer thickness. This experimental fact indicates that variation of the silicon layer thickness does not play an important role in the surface features formation for the studied samples. Therefore, the surface roughness of the samples should not influence their magnetic characteristics. Fig. 1 shows typical hysteresis loops observed in a magnetic field applied parallel to the D1 or D2 directions. Results of these measurements allowed to plot the dependence of the saturation field, H S of the Co/Si/Co samples as a function of silicon-layer thickness, t Si (see Fig. 2a ). Spectral dependences of the TKE, observed for the Co/Si/Co samples and the two-layer Co/Si and Si/Co structures with the top and bottom silicon layers are shown in Fig. 3 . The hysteresis loops, measured in the magnetic fields, applied along the D1 and D2 directions, differ from each other (Fig. 1) . This fact testifies the existence of the induced magnetic anisotropy (IMA) with the easy magnetization axis (EMA) parallel to the direction of the magnetic field applied during the samples deposition process. At the present time, the main mechanism, causing the appearance of IMA, is considered to be the pair ordering of the atoms [10] . In the case of the D2 direction, the hysteresis loops are inclined and show rather low values of the coercive field and remnant magnetization. The shape of hysteresis loops, measured in the magnetic field along the D1 direction, depends on the silicon layer thickness. In particular, the samples with t Si < 1.6 nm and t Si > 1.6 nm exhibit almost rectangular M(H) loops (see Fig. 1a ) and the two-step hysteresis loops (Fig. 1b) , respectively. The value of the saturation field, H S , of the Co/Si/Co samples oscillates as a function of t Si (Fig.2a) . The variation of H S with increase of the thickness of the silicon interlayer can be explained as follows. It is known [4] , that at a small thickness of t Si , the interlayer consists of the cobalt silicide. With t Si increase the intermediate silicon layer also appears besides the cobalt silicide layers near the Co/Si interfaces. This process is accompanied by the growth of H S in the initial stage. Moreover, stray fields, created by the cobalt layers, contribute to the magnetic-field behaviour of the Co/Si/Co samples. In particular, they decrease the effective magnetic field, which is important for the sample magnetization processes. However, increase of t Si , results in a decrease of the magnetostatic interaction between the Co layers. So, the above mentioned features of the Co/Si/Co samples determine the observed behaviour of H S (t Si ) at t Si < 1.6 nm. According to experimental data and calculations [11, 12] , the two-step hysteresis loops testify the antiparallel
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Achievements in Magnetism orientation of magnetization in the cobalt layers and, hence, the evidence of the antiferromagnetic exchange interaction between ferromagnetic layers through the silicon spacer. Therefore, the dependence H S (t Si ) at t Si > 1.6 nm can be explained by variation of the constant of antiferromagnetic exchange, J AF , between the cobalt layers with t Si increase [11] . The possible mechanism of the exchange coupling between the Co layers via the Si interlayer is the tunnelling of polarized electrons via localized defects which are always present in the semiconductor layer [13, 14] . TKE spectra depend on the thickness of the silicon interlayer (Fig. 3) . This fact can be explained by the change of electronic structure of the Co/Si/Co samples with t Si increase. It is caused by the appearance of cobalt silicides when silicon thickness is small. An increase of t Si and therefore the emergence of the intermediate silicon layer between the cobalt silicide layers near the Co/Si interfaces contribute to the properties of the samples with higher silicon spacer. At the fixed photon energy of incident light, the TKE dependence exhibits the oscillatory, signvariable behaviour with increase of the silicon thickness (Fig. 2b) . It should be noted that at ħω > 1.25 eV the TKE values are also oscillate, but the sign of TKE does not change. The results of Fig.  3b deserve special attention. Here one can see that TKE spectra of the Co/Si and Si/Co two-layer samples differ from each other. In particular, the strong increase of TKE for the Co/Si sample is Solid State Phenomena Vols. 233-234observed at ħω > 2.25 eV. This fact can be explained by the presence of the top Si layer, which has the refraction index n > 1. According to our calculations, the TKE magnitudes in this case must increase approximately at n 2 times in comparison with the Si/Co sample.
Summary
The shape of the hysteresis loops of the Co/Si/Co samples was shown to be dependent on the thickness of the silicon interlayer, t Si. The value of the saturation field of these samples oscillates as a function of the silicon layer thickness. These experimental data were explained by the structural change of the Si interlayer at t Si < 1.6 nm and the antiferromagnetic exchange interaction between the Co layers through the silicon spacer at t Si > 1.6 nm. TKE spectra were found to be dependent on the thickness of the silicon interlayer. This fact was ascribed to the change of electronic structure of the Co/Si/Co samples, caused the structural changes of the Si layer with increasing t Si . Moreover, the essential difference of TKE spectra was discovered for the Si/Co and Co/Si samples at ħω = 1.25 eV that was explained by the increase of the magneto-optical signals due to the presence of the upper semiconductor layer.
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